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BIPOLAR TRANSISTOR FREQUENCY
DOUBLERS AT MILLIMETER-WAVE
FREQUENCIES

RELATED APPLICATION DATA

This application is a Continuation application of co-pend-
ing U.S. patent application Ser. No. 13/747,915 filed on Jan.
23, 2013, incorporated herein by reference in its entirety.

BACKGROUND

1. Technical Field

The present invention relates to frequency multipliers and,
in particular, to frequency multipliers operating at millimeter
wave frequencies.

2. Description of the Related Art

Frequency doublers and frequency multipliers in general
are components of millimeter wave (mmWave) data commu-
nication, radar and imaging systems. In any semiconductor
technology, direct signal generation through an oscillator
becomes more difficult as the fundamental frequency
increases. High frequency oscillators tend to have lower tun-
ing range, higher phase noise, higher power consumption and
decreased robustness against temperature and other environ-
mental variations than oscillators generating low frequencies.
For these reasons, to generate a given frequency in the
mmWave regime, a common alternative is to employ a robust
oscillator at a moderate frequency followed by a frequency
multiplier.

Conventional frequency doublers use two transistors
driven with a differential signal at a fundamental frequency w
and a common load Z,. The current at the second harmonic,
having a frequency of 2w, has two components. The first is the
second harmonic of the current generated by each transistor.
While the current generated at the fundamental frequency has
an opposite phase for each transistor and cancels out, the
current at the second harmonic has the same phase from each
transistor, and hence adds coherently. To enhance this com-
ponent, transistors are usually biased below their threshold
voltage, where their response is non-linear. This enhances
harmonic generation but reduces operation speed and satu-
rated output power. The second component comes from the
fact that the output voltage swings twice for every cycle of the
differential input signal. However, in a conventional fre-
quency doubler, the output impedance at the fundamental
frequency is a short, which makes the voltage swing at col-
lector nodes small. This small swing at the collector prevents
transistors from generating high power at high efficiency.

Conventional frequency doublers therefore rely on the con-
structive addition of the two above-described components.
However, this constructive addition only occurs for a limited
range of input powers. Furthermore, the range and the asso-
ciated conversion gain are vulnerable to device and tempera-
ture variations, which affect the threshold voltage and hence
the device’s non-linearity.

SUMMARY

A frequency multiplier is shown that includes a pair of
transistors each connected to a common impedance through a
respective collector impedance formed from a transmission
line, said transmission line having a length between about one
quarter and about one eighth of a wavelength of an input
signal frequency and being tuned to produce a large imped-
ance at a collector of the respective transistor at the input
signal frequency, wherein an output frequency between the
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collector impedances and the common impedance is an even
integer multiple of an input frequency.

A frequency multiplier is shown that includes a pair of
transistors each connected to a common impedance through a
respective collector impedance formed from a transmission
line, said transmission line having a length between about one
quarter and about one eighth of a wavelength of an input
signal frequency and being tuned to produce a large imped-
ance at a collector of the respective transistor at the input
signal frequency, wherein an output frequency between the
collector impedances and the common impedance is an even
integer multiple of an input frequency; a pair of reflecting
transmission lines having a length that corresponds to about
one quarter wavelength of a harmonic corresponding to the
output signal and having an open end; and a pair of phase
shifting transmission lines, each connecting a base terminal
of a transistor to a respective one of the pair of reflecting
transmission lines, having a length that phase shifts a
reflected signal from the reflecting transmission lines to add
constructively with harmonic components of the input signal.

A frequency multiplier is shown that includes a pair of
differentially driven transistors each connected to a common
impedance through a respective collector impedance formed
from a transmission line, said transmission line having a
length of about one quarter a wavelength of an input signal
frequency and being tuned to produce a large impedance at a
collector of the respective transistor at the input signal fre-
quency, wherein an output frequency between the collector
impedances and the common impedance is double the input
frequency; a pair of reflecting transmission lines having a
length that corresponds to about one quarter wavelength of a
frequency-doubled input signal and having an open end; a
pair of phase shifting transmission lines, each connecting a
base terminal of a transistor to a respective one of the pair of
reflecting transmission lines, having a length that phase shifts
areflected signal from the reflecting transmission lines to add
constructively with harmonic components of the input signal;
and a pair of neutralization capacitors, each connecting the
base terminal of a transistor to an opposite collector transmis-
sion line to compensate for feedback capacitance in the tran-
sistors.

A receiver is shown that includes one or more radio fre-
quency front ends configured to receive an input signal; and a
frequency multiplier configured to increase the frequency of
the input signal by an even integer multiple. The frequency
multiplier includes a pair of transistors each connected to a
common impedance through a respective collector imped-
ance formed from a transmission line, said transmission line
having a length between about one quarter and about one
eighth of a wavelength of an input signal frequency and being
tuned to produce a large impedance at a collector of the
respective transistor at the input signal frequency, wherein an
output frequency between the collector impedances and the
common impedance is an even integer multiple of an input
frequency; a pair of reflecting transmission lines having a
length that corresponds to about one quarter wavelength of a
frequency-multiplied input signal and having an open end; a
pair of phase shifting transmission lines, each connecting a
base terminal of a transistor to a respective one of the pair of
reflecting transmission lines, having a length that phase shifts
areflected signal from the reflecting transmission lines to add
constructively with harmonic components of the input signal;
and a pair of neutralization capacitors, each connecting the
base terminal of a transistor to an opposite collector transmis-
sion line to compensate for feedback capacitance in the tran-
sistors.
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A method for frequency multiplying is shown that includes
receiving a signal having an input frequency at a frequency
multiplier comprising a pair of transistors; and selecting a
harmonic in the signal by connecting the transistors to a
common impedance through a respective collector imped-
ance, wherein an output frequency at the harmonic between
the collector impedances and the common impedance is an
even integer multiple of an input frequency.

A method for frequency multiplying is shown that includes
receiving a signal having an input frequency at a frequency
multiplier comprising a pair of transistors; selecting a har-
monic in the signal by connecting the transistors to a common
impedance through a respective collector impedance,
wherein an output frequency at the second harmonic between
the collector impedances and the common impedance is an
even integer multiple of an input frequency; reflecting har-
monic feedback in the input signal from the transistors using
a pair of reflecting transmission lines having a length that
corresponds to about one quarter wavelength of a frequency-
doubled input signal and having an open end; and phase
shifting the reflected harmonic feedback using a pair of phase
shifting transmission lines, each connecting a base terminal
of a transistor to a respective one of the pair of reflecting
transmission lines, having a length that phase shifts a
reflected signal from the reflecting transmission lines to add
constructively with harmonic components of the input signal.

A method for frequency doubling is shown that includes
receiving a signal having an input frequency at a frequency
doubler comprising a pair of transistors, where the signal is
provided to the pair of transistors differentially such that a
fundamental component of the signal cancels out; selecting a
second harmonic in the signal by connecting the transistors to
a common impedance through a respective collector imped-
ance, wherein an output frequency at the second harmonic
between the collector impedances and the common imped-
ance is double the input frequency; reflecting second har-
monic feedback in the input signal from the transistors using
a pair of reflecting transmission lines having a length that
corresponds to about one quarter wavelength of a frequency-
doubled input signal and having an open end; phase shifting
the reflected second harmonic feedback using a pair of phase
shifting transmission lines, each connecting a base terminal
of a transistor to a respective one of the pair of reflecting
transmission lines, having a length that phase shifts a
reflected signal from the reflecting transmission lines to add
constructively with harmonic components of the input signal;
and neutralizing parasitic capacitance using a pair of neutral-
ization capacitors, each connecting the base terminal of a
transistor to an opposite collector transmission line to com-
pensate for feedback capacitance in the transistors.

These and other features and advantages will become
apparent from the following detailed description of illustra-
tive embodiments thereof, which is to be read in connection
with the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

The disclosure will provide details in the following
description of preferred embodiments with reference to the
following figures wherein:

FIG. 1 is a diagram of a frequency multiplier according to
the present principles;

FIG. 2 is a diagram of a frequency multiplier with feedback
reflection according to the present principles;

FIG. 3 is a diagram of a frequency multiplier with capaci-
tance neutralization according to the present principles;
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FIG. 41is a diagram of a receiver with a frequency multiplier
according to the present principles;

FIG. 5(a) is a graph showing current in a frequency multi-
plier without collector impedances;

FIG. 5(b) is a graph showing current in a frequency multi-
plier according to the present principles;

FIG. 6 is a graph comparing the power added efficiency of
embodiments with and without collector impedances;

FIG.7(a) is a graph of temperature response of a frequency
doubler according to the present principles;

FIG. 7(b) is a graph of temperature response of a conven-
tional frequency doubler;

FIG. 8 is a graph comparing the output power of frequency
multipliers according to the present principles with and with-
out neutralization capacitors;

FIG. 9 is a graph comparing power consumption of fre-
quency multipliers according to the present principles with
and without neutralization capacitors;

FIG. 10 is a graph showing a simulation of a frequency
multiplier according to the present principles that exemplifies
harmonic response according to resonator length;

FIG. 11 is a diagram of a frequency quadrupler according
to the present principles; and

FIG. 12 is ablock/flow diagram of a frequency multiplying
method according to the present principles.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present principles provide frequency doublers which
have higher gain, saturation power, and efficiency compared
to conventional frequency doublers. The embodiments dis-
closed herein furthermore are more robust to temperature
changes, as current shaping is provided by collector voltage
swing rather than from base voltage clipping determined by
DC bias and the threshold voltage. To achieve these effects,
the present principles employ current shaping with collector
load, optimum harmonic termination at the input, and input
capacitance neutralization.

Referring now to the drawings in which like numerals
represent the same or similar elements and initially to FIG. 1,
a frequency doubler is shown according to the present prin-
ciples. A common load Z, 102 is shown, with an output
voltage at 103 having a doubled frequency of 2w. Two input
terminals are present, having a positive voltage input 112 and
a negative voltage input 110, each having a fundamental
frequency of w. Impedances Z_ 104 at the collectors of tran-
sistors 106 are formed using, e.g., a transmission line having
a length of approximately one quarter the wavelength of the
input frequency w, giving a high collector impedance at the
fundamental frequency. In this way, the collector impedances
104 modulate the collector current by having a large voltage
swing at the collector. A bias voltage 116 is applied to the base
of the transistors 106 through resistors 114 to bias the tran-
sistors 106 at the optimum point to maximize harmonic gen-
eration. The resistance value of resistors 114 should be much
larger than the input impedance of transistors 106, so as not to
affect AC operation.

This produces two results: First, the second harmonic con-
tent of the collector current will be larger at relatively high
input amplitudes and, second, the overall power dissipated at
the device—the product of the collector current and the col-
lector voltage—will be lower because both voltage and cur-
rent exhibit a switching behavior and do not overlap in time
domain. Because in this mode of operation the second har-
monic generation depends on the collector current shaping
rather than on transconductance non-linearity, the V5 termi-
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nal 116 can be higher than the threshold voltage of the tran-
sistors 106; this increases the gain of the device at high
frequencies thus providing higher frequency doubler conver-
sion gain and efficiency. For the second harmonic at 2w, the
exemplary transmission line collector impedances 104 have
about half the wavelength and are therefore transparent. In
other words, the second harmonic current directly sees the
impedance 7.

Described in general terms, the present principles provide
a relatively large impedance 104 at the collector of each
transistor 106 instead of a direct short. This creates a signifi-
cant collector voltage waveform which has the fundamental
frequency as its main component, but has other harmonics as
well. Because the two transistors 106 are driven differentially,
the fundamental component is always cancelled, whereas the
harmonics may prevail. The large signal swing at the collector
boosts efficiency because, for significant periods of time, the
voltage drop across transistors 106 will be low. The large
impedance 104 may be implemented, as described above, as
a transmission line. As the length of the transmission line
decreases, the overall collector voltage swing reduces as well,
but the shape and overall phase difference between current
and voltage may be such that other harmonics (2%, 4%, 6%
etc.), are generated efficiently.

It is to be understood that the present invention will be
described in terms of a given illustrative architecture having a
substrate or flexible substrate; however, other architectures,
structures, substrate materials and process features and steps
may be varied within the scope of the present invention.

It will also be understood that when an element such as a
layer, region or substrate is referred to as being “on” or “over”
another element, it can be directly on the other element or
intervening elements may also be present. In contrast, when
an element is referred to as being “directly on” or “directly
over” another element, there are no intervening elements
present. It will also be understood that when an element is
referred to as being “connected” or “coupled” to another
element, it can be directly connected or coupled to the other
element or intervening elements may be present. In contrast,
when an element is referred to as being “directly connected”
or “directly coupled” to another element, there are no inter-
vening elements present.

Embodiments in accordance with the present principles
may include a design for an integrated circuit chip, which
may be created in a graphical computer programming lan-
guage, and stored in a computer storage medium (such as a
disk, tape, physical hard drive, or virtual hard drive such as in
a storage access network). If the designer does not fabricate
chips or the photolithographic masks used to fabricate chips,
the designer may transmit the resulting design by physical
means (e.g., by providing a copy of the storage medium
storing the design) or electronically (e.g., through the Inter-
net) to such entities, directly or indirectly. The stored design
is then converted into the appropriate format (e.g., GDSII) for
the fabrication of photolithographic masks, which typically
include multiple copies of the chip design in question that are
to be formed on a wafer. The photolithographic masks are
utilized to define areas of the wafer (and/or the layers thereon)
to be etched or otherwise processed.

Methods as described herein may be used in the fabrication
of integrated circuit chips. The resulting integrated circuit
chips can be distributed by the fabricator in raw form (that is,
as a single flexible substrate that has multiple structures
formed thereon), as a bare die, or in a packaged form. In the
latter case the chip is mounted in a single chip package (such
as aplastic carrier, with leads that are affixed to a motherboard
or other higher level carrier) or in a multichip package (such
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as a ceramic carrier that has either or both surface intercon-
nections or buried interconnections). In any case the chip is
then integrated with other chips, discrete circuit elements,
and/or other signal processing devices as part of either (a) an
intermediate product, such as a motherboard, or (b) an end
product. The end product can be any product that includes
integrated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a display,
a keyboard or other input device, and a central processor.

Referring now to FIG. 2, harmonic termination is shown at
the inputs of transistors 106. Due to parasitic capacitances
between collector and base, there may be signal feedback at
the second harmonic between the output and the input of the
transistors 106. This can be addressed by adding impedances
202 and 204 that represent a “short” at the second harmonic
after a certain amount of phase shift through 202. Impedance
204 may be implemented using, e.g., a transmission line
having a length that corresponds to one quarter of the wave-
length at 2w and has an open end, thus behaving as a short.
This reflects any signal at 2w that comes into impedance 204.
The present embodiment also provides a second impedance
202, which may be implemented using a transmission line
between the input to the transistor 106 and the short 204. The
optimal length 0f202 can be determined so that a reflected 2w
signal from impedance 204 can experience a desired amount
of phase shift for constructive interference with the existing
second harmonic components before the signal reaches the
base of transistor 106. Impedances 202 and 204 provide feed-
back in the second harmonic in such a way that it adds con-
structively with the harmonic content generated by the rest of
the structure. This is in contrast to conventional frequency
doublers, which would try to prevent current feedback from
the collector-base capacitor from being converted into volt-
age at the base. In other words, whereas a conventional fre-
quency doubler attempts to cancel feedback, the present
invention uses such feedback constructively.

Referring now to FIG. 3, input capacitance neutralization is
shown. Due to a high gain at the fundamental frequency w, a
parasitic capacitance due to the Miller effect dominates the
total input capacitance. The Miller effect depends on the input
power, because at some point the gain at the fundamental
frequency w compresses. Therefore, different input matching
is used to obtain efficient operation at different power levels.
In the present embodiment, neutralization capacitors 302 are
connected between the input of each transistor 106 and con-
nected to the collector of the other transistor 106. The neu-
tralization capacitors 302 compensate for the feedback
capacitance of transistors 106. As a result, the circuit exhibits
arelatively constant input capacitance at different power lev-
els. This is particularly beneficial at relatively low input pow-
ers, where higher conversion gains can be obtained using
input capacitance neutralization.

Referring now to FIG. 4, an exemplary mmWave receiver
is shown that illustrates how a frequency doubler may be
used. The receiver 400 has multiple antennas 401, each lead-
ing to a respective radio frequency front end 402 that per-
forms initial reception and processing. The power outputs of
each front end 402 are combined in a power combiner 404,
which sends its output to receiver core 406. The receiver core
406 performs additional processing, but first down-converts
the input signal to an intermediate frequency (IF). To accom-
plish this, a frequency multiplier 408 generates a signal
according to the present principles that is mixed with the input
signal at mixer 410, producing a multiplied signal.

A frequency doubler can also be employed in a phased-
array transmitter. In this case, the doubler drives an up-con-
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version mixer which converts the signal to be transmitted
from IF to RF. Subsequently the RF is distributed to multiple
RF front-ends.

Referring now to FIG. 5, graphs are shown that compare
embodiments with (a) and without (b) the collector imped-
ances 104. In each graph, a solid line shows the current at the
collector of transistors 106, measured in milliamps, while a
dotted line shows the voltage at the collector, measured in
volts. FIG. 5(a) clearly shows a much more pronounced sec-
ond harmonic that causes the depicted two-hump structure of
the waveform. In contrast, the 5(b) graph has a much
smoother curve that lacks pronounced second harmonic
effects. Furthermore, the collector impedances 104 cause a
substantially increased voltage swing at the collector in graph
5(a) as compared to graph 5(b). The high voltage swing
allows the use of power-efficient operation.

Referring now to FIG. 6, the power added efficiency (PAE)
of the present embodiments with collector impedances 104
and without neutralization capacitors 302 are shown in com-
parison to conventional frequency doublers. The PAE is mea-
sured against the input power. The input power is measured in
decibels with a reference of one milliwatt (dBm) and PAE is
measured in percentage (%) as a ratio of output power at 2w
to total input power including supplied DC and AC at w. A
dotted line represents the PAE of conventional frequency
doublers, while the solid line represents the PAE of the
present embodiments. As is evident from the graph, the
present embodiments provide much higher efficiencies at
higher powers. Moreover, in the present embodiment, lower
efficiency at low input power can be improved by using neu-
tralization capacitors 302 as shown in FIG. 8 and as described
below.

Referring now to FIG. 7, the temperature response of the
present embodiments (a) is compared to the temperature
response of conventional frequency doublers (b). In each
case, the output power is measured in decibels and compared
to input power, measured in decibels. A dotted line shows the
power response as measured at 27 degrees Celsius, while a
dotted line shows the same device measured at 85 degrees
Celsius, both at a fundamental frequency of w=42 GHz. The
two curves track closely in the present embodiment, showing
robustness against significant changes in temperature, while
conventional frequency doublers show substantial divergence
under the same temperatures.

Referring now to FIG. 8, a comparison between the present
embodiments with neutralization capacitors 302 and the
embodiments without neutralization capacitors 302. The out-
put power is measured in decibels and shown against input
power, also measured in decibels. A solid line shows the
results of a device using a neutralization capacitor 302 having
a capacitance of 10 fF, while the dashed line shows the
response of the present embodiments without neutralization.
The graph shows that neutralization capacitors 302 provide
better input matching for a broad range of input powers by
cancelling out the parasitic feedback capacitance.

Referring now to FIG. 9, a comparison of DC power con-
sumption is shown. DC power consumption is measured in
milliwatts against input power, measured in decibels. A solid
line shows the power consumption of an embodiment having
neutralization capacitors 302, while a dashed line shows
power consumption for the present embodiment without neu-
tralization capacitors 302. As can be seen from the graph, the
power consumption of a neutralized frequency doubler is
substantially lower than that of conventional designs.

It should be recognized that the present principles may be
extended to embodiments providing greater frequency mul-
tipliers. Even frequency multipliers greater than two can be
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implemented by adjusting a collector impedance to have a
different phase relation between voltage and current at the
output. A different phase shift changes the portion ofharmon-
ics by having a different current waveform in time domain.
For example, a narrower current waveform has higher power
at higher harmonics. Capacitance neutralization can be
employed for any differential type of even-numbered fre-
quency multipliers to improve conversion gain at low input
power. The present principles do not provide for odd-num-
bered multipliers, because any even harmonic adds construc-
tively at the common impedance 102 and all odd harmonics
cancel.

Referring now to FIG. 10, a simulation is shown that dis-
plays output power from different even harmonics as a func-
tion of the length of a transmission line 104 at the collector of
transistors 106. The second harmonic is shown as a solid line,
with the fourth harmonic shown using hollow dots and the
sixth harmonic shown using solid dots. The length of the
transmission line 104 is shown in micrometers on the x-axis,
with output power being shown on the y-axis. Transmission
lines 104 having different loads produce different phase shifts
between the collector voltage and current, resulting in differ-
ent collector current waveforms in the time domain. For
example, 550 um is an optimal transmission line length to
maximize the fourth harmonic to operate as a frequency qua-
drupler. Similarly, 720 um is optimal for a frequency doubler,
because the second harmonic is at a maximum.

In the simulation shown in FIG. 10, only the length of the
collector transmission line 104 is varied, with everything else
being held constant. When the transmission line is 550 pum,
the 4" harmonic increases but is still smaller than the second.
To operate the circuit as a frequency quadrupler, where the 4%
harmonic is the largest tone, other modifications may be
introduced.

Referring now to FIG. 11, a frequency quadrupler is
shown. A reflecting transmission line having a length that
corresponds to about one quarter wavelength of a frequency-
doubled input signal and having an open end is placed at the
junction between the common impedance 102 and the collec-
tor impedances 104. The transmission line 1102 acts as a stub
filter, removing the second harmonic. Because the total power
generated by the multiplier should remain approximately
constant, due to the conservation of energy, suppressing the
second harmonic in turn enhances the energy of the fourth.
The common impedance 102 in this case can be the final load
impedance of the multiplier, such as an on-chip antenna.

Referring now to FIG. 12, a method for multiplying an
input frequency is shown. Block 1202 selects a second har-
monic from transistors 106 using, e.g., transmission lines 104
as described above. These transmission lines 104 have a
length that selectively emphasizes the second harmonic of the
signal, producing a frequency-doubled signal. Block 1204
uses a reflecting transmission line 204 before the transistors
106 to reflect back any feedback in the second harmonic.
Block 1206 phase shifts the reflected second harmonic using
an appropriate transmission line 202 before block 1206 con-
structively adds the reflected second harmonic with the input
signal. Block 1208 neutralizes the parasitic capacitance at
transistors 106 by implementing neutralizing capacitors
between the transistors 106.

Reference in the specification to “embodiments,” “one
embodiment,” or “an embodiment” of the present principles,
as well as other variations thereof, means that a particular
feature, structure, characteristic, and so forth described in
connection with the embodiment is included in at least one
embodiment of the present principles. Thus, the appearances
of'the phrase “in one embodiment” or “in an embodiment”, as
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well any other variations, appearing in various places
throughout the specification are not necessarily all referring
to the same embodiment.

It is to be appreciated that the use of any of the following
“/”, “and/or”, and “at least one of”, for example, in the cases
of “A/B”, “A and/or B” and “at least one of A and B”, is
intended to encompass the selection of the first listed option
(A) only, or the selection of the second listed option (B) only,
or the selection of both options (A and B). As a further
example, in the cases of “A, B, and/or C”” and “at least one of
A, B, and C”, such phrasing is intended to encompass the
selection of the first listed option (A) only, or the selection of
the second listed option (B) only, or the selection of the third
listed option (C) only, or the selection of the first and the
second listed options (A and B) only, or the selection of the
first and third listed options (A and C) only, or the selection of
the second and third listed options (B and C) only, or the
selection of all three options (A and B and C). This may be
extended, as readily apparent by one of ordinary skill in this
and related arts, for as many items listed.

Having described preferred embodiments of a system and
method for frequency doubling with bipolar transistor fre-
quency doublers at millimeter-wave frequencies (which are
intended to be illustrative and not limiting), it is noted that
modifications and variations can be made by persons skilled
in the art in light of the above teachings. It is therefore to be
understood that changes may be made in the particular
embodiments disclosed which are within the scope of the
invention as outlined by the appended claims. Having thus
described aspects of the invention, with the details and par-
ticularity required by the patent laws, what is claimed and
desired protected by Letters Patent is set forth in the appended
claims.
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What is claimed is:

1. A frequency multiplier comprising:

a pair of transistors each connected to a common imped-
ance through a respective collector impedance formed
from a transmission line, said transmission line having a
length between about one quarter and about one eighth
of a wavelength of an input signal frequency and being
tuned to produce a large impedance at a collector of the
respective transistor at the input signal frequency,
wherein an output frequency between the collector
impedances and the common impedance is an even inte-
ger multiple of an input frequency;

a pair of reflecting transmission lines having an open end;
and

a pair of phase shifting transmission lines, each connecting
a base terminal of a transistor to a respective one of the
pair of reflecting transmission lines.

2. The frequency multiplier of claim 1, wherein the length
of the transmission line is about one quarter a wavelength of
an input signal frequency.

3. The frequency multiplier of claim 2, wherein the output
frequency is about double the input frequency.

4. The frequency multiplier of claim 1, further comprising
a pair of neutralization capacitors, each connecting the base
terminal of a transistor to an opposite collector transmission
line to compensate for feedback capacitance in the transistors.

5. The frequency multiplier of claim 1, wherein the pair of
transistors is differentially driven, such that a fundamental
component of the input signal cancels out.

6. The frequency multiplier of claim 1, wherein the reflect-
ing transmission lines have a length that corresponds to about
one quarter wavelength of a frequency-doubled input signal.

7. The frequency multiplier of claim 1, wherein the phase
shifting transmission lines have a length that phase shifts a
reflected signal from the reflecting transmission lines to add
constructively with harmonic components of the input signal.
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